We discuss the effect of gravitational interactions on the lifetime of the Higgs vacuum where generic quantum gravity corrections are taken into account. We show how small black holes can act as seeds for vacuum decay, spontaneously nucleating a new Higgs phase centered on the black hole with a lifetime measured in millions of Planck times rather than billions of years. The constraints on parameter space of corrections to the Higgs potential are outlined, and implications for collider black holes discussed.
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PACS numbers: 04.70.Dy,12.60.Fr, 11.15.Tk With the discovery of the Higgs boson at the LHC [1, 2] , and the measurement of its mass, it seems we live in interesting times: the running of the coupling of the Higgs quite possibly means that our vacuum is only metastable, and the true Higgs vacuum in fact lies at large expectation values of the Higgs and negative vacuum energy. Although this metastability at first might seem alarming, in order for the vacuum to decay, it must tunnel through a sizeable energy barrier, and the probability for this typically has an exponential factor,
where B is the action of a solution to the Euclidean field equations, "the bounce", which interpolates between the metastable (false) and true vacua; the prefactor A is determined from fluctuations around the bounce. Since the action B is usually large (we will set to 1 for the rest of this discussion) the probability of vacuum decay is very low. For the decay of a false vacuum, the process was understood and the probability computed in a series of papers by Coleman, Callan and de Luccia [3] [4] [5] . This 'gold standard' calculation is now used ubiquitously to estimate decay rates and the half life of a false vacuum state in field theory, and for the Higgs vacuum predicts a lifetime well in excess of the age of the universe.
The Coleman et al. picture of vacuum decay is however very idealized, in that an exactly homogeneous and isotropic false vacuum decays into a very nearly as symmetric configuration: a completely spherical bubble of true vacuum which expands outwards with uniform acceleration. In everyday physics however, first order phase transitions are far from clean, and often proceed not via some perfect nucleation process but rather by impurities acting as sites for the condensation of a new phase. Recently in [6] we investigated the impact of gravitational impurities, in the guise of black holes, on the usual Coleman de Luccia picture, and found a significant enhancement of vacuum decay in a wide range of cases -the intuition of an impurity seeding nucleation of a true vacuum bubble was entirely borne out by the analysis.
To recall Coleman's original intuition: the nucleation of a bubble costs energy because a wall with energy and tension is formed as a barrier between the false and true vacua, but to counter that, energy is gained by the volume of space inside the bubble having lower energy by virtue of having transitioned to the true vacuum. A bubble of just the right size then optimises this energy pay-off and once formed, grows. The picture with a gravitational inhomogeneity is similar; the bubble forms around the (euclidean) black hole but because of the distortion of space the payoff between volume inside a bubble and its surface area is changed, and bubbles form at a smaller radius and hence the 'cost' of forming them is lower: the instanton has a smaller action and the decay process can be significantly enhanced.
Can this process affect the lifetime of the Higgs vacuum? We will show that it can, although only if small black holes nucleate the decay. Such black holes could result from gradual evaporation of primordial black holes formed in the early universe [7] ; alternatively, if there are "large" extra dimensions [8, 9] responsible for producing a hierarchically large Planck scale in our universe, then small black holes can be produced at the LHC [10] . Depending on the tension of the bubble wall, which is directly related to parameters in the Higgs potential, the enhancement of vacuum decay can be large.
To briefly review the Higgs potential, note that at large values of the Higgs field, we can pick any component φ and approximate the potential using an effective coupling constant λ eff ,
The effective coupling is obtained by combining the running of λ under the renormalisation group with the lowenergy particle physics parameters. Two-loop calculations of the running coupling [11] , including contributions from all of the standard model fields, yield a high-energy approximation
where the fit to the results of [11] give parameter ranges −0.01 λ * 0, 0.1M p φ * M p and b ∼ 10 parameters ranges are mostly due to experimental uncertainties in the Higgs and top quark mass, however with the currently measured values it seems that λ eff near the Planck scale is small with a preference towards negative values.
Of course this discussion assumes no impact from new physics between the TeV scale and the Planck scale. At the very least, quantum gravity effects will have to be taken into account. On dimensional grounds, we might expect some modifications to the potential of the following form [12] : (4) where (δλ) bsm includes possible corrections to the running coupling from physics beyond the standard model, and the polynomial terms arise with new physics identified with the Planck scale. If the coefficients λ 6 etc. are similar in magnitude, then the small size of λ eff at the Planck scale means that the interesting physics occurs where the potential is determined predominantly by λ eff and λ 6 . In figure 1 we illustrate the effect of these corrections on the standard model potential with λ * = −0.01.
Quantum tunnelling in a corrected potential such as this has been looked at by Branchina et al. [13] , who take λ * ∼ −0.1, where the potential barrier occurs at φ M p , and take a negative λ 6 = −2. They argue the existence of a greatly enhanced tunnelling rate, however, their discussion entirely neglected gravitational back-reaction of the instanton on the geometry.
In order to demonstrate the impact of a gravitational impurity we use the method of Coleman and de Luccia (CDL) [5] , but where the thin wall bubble now nucleates around a black hole. The equations of motion for such a wall bounding two different regions of spacetime with different cosmological constants and black hole masses can be expressed in the formṘ 2 + V (R) = 0, where R is the bubble radius (as a function of Euclidean time), and V (R) is an effective potential involving the wall tension, the cosmological constants and black hole masses on each side of the wall. For the decay of the Higgs vacuum, we assume the standard model has Λ + = 0, and write the true vacuum cosmological constant as Λ − = −3/ 2 , but leave the black hole masses arbitrary. The potential in this case is:
2 p is a recurring combination of the wall tension σ and the Planck mass. (See [14] for an application of this potential to a discussion of the information loss paradox.) Apart from the final R 2 / 2 term, this is identical in form to the potential studied in [6] , where it was shown that a significant suppression of the bounce action relative to the CDL action occurs, particularly for small values of the dimensionless parameter σ .
To recapitulate the results of [6] , the action of a general instanton with a black hole was found to be
where R(λ) is the solution for the bubble wall, and A ± h are the black hole horizon areas corresponding to M ± . This result includes a careful treatment of the conical deficits which can arise in the Euclidean section when the periodicity of the bubble solution is not the same as that of the black hole. Although the specifics of computing actions in vacuum and AdS vary from that of dS, the essence of the calculation remains the same as the presentation in [6] , and the result, (6), identical in form. This bounce action feeds directly into the exponent in (1), and following Callan and Coleman [4] , we estimate the prefactor by taking a factor of (B/2π) 1/2 for the single time-translational zero mode of the instanton but use the light crossing time of the black hole, (GM + ) −1 , as a rough estimate of the remaining determinant of fluctuations giving
Typically, the CDL action is of order O(10 6 ) for the Higgs potentials, leading to a huge exponential suppression of the decay rate, and to the conclusion that gravitational tunneling is irrelevant.
However, the effect of a black hole, (6), on the tunneling action can be very significant for low tension bubble walls and small mass black holes. As the seed black hole mass M + is switched on, the instanton action drops rapidly, and the bubble initially nucleates by removing the black hole. However, as the seed black hole mass continues to increase, a critical mass M C is reached at which the potential V (R) has a single point, R * , at which V = V = 0, and a static bubble nucleates which will either recollapse or expand with roughly equal probability. As the seed black hole mass increases further, the nucleated bubble now has a black hole remnant in the bubble interior, with the action now rising with increasing seed mass. The quantitative values of this critical mass, and the maximal suppression of the bounce action at M C depend on the wall tension parameter σ, and the true vacuum energy, however, unless the combination σ is Planck scale, this suppression is several orders of magnitude at M C , thus changing the exponential factor in (7) from an irrelevant 10 6−9 to a potentially extremely relevant 10 0−2 . The main wrinkle in this argument is the mass of the seed black hole at this critical value. Typically, if σ is well below Planck scale, then the critical seed black hole also has mass below the Planck mass -well outside any regime in which we can trust the semi-classical techniques used here! Even for black hole masses above the Planck scale, the Hawking evaporation rate, Γ H ≈ 3.6 × 10 [15] , is an issue. The key indicator is therefore the branching ratio of the static tunneling decay rate to the Hawking evaporation rate:
For large B, the exponential factor clearly dominates, however B depends sensitively on M + , which in turn depends sensitively on the wall tension. For smallσ there is a range of seed mass for which we have very strong enhancement of bubble tunneling, however, whether this is in a physically accessible parameter regime will depend on the details of the Higgs potential (4), and how these translate into the parameters of this exact gravitational computation as we now discuss.
The most important features of the potential for quantum tunnelling are the barrier height ζ equal to the maximum value of V on 0 < φ < φ T , the location of the true vacuum which we parametrize as g = φ T /M p , and the energy separation of the false and true vacua, = −V (φ T ). The AdS radius is straightforwardly determined from the true vacuum energy density, /M 2 p = 3/ 2 . To approximate the surface tension of the bubble wall we use
where V (φ 0 ) = 0 is the point at which the instanton 'emerges' from the Euclidean regime. Note that in order to use a thin wall description for the bubble we expect that ζ/ should be large, however numerical calculations show that the thin wall approximation is reasonably accurate even when ζ ∼ , thus we will impose ζ > on our potentials. Scanning through parameter space we find that requiring a thin wall is very constraining: for a given λ * , φ * , the range of λ 6 for which ζ > is small. Further, requiring that there exist a range of seed mass for which the branching ratio favours decay tends to push towards high λ 6 . Nonetheless, it is possible to find regions of parameter space in which seeded decay occurs. Table I gives a set of parameter values for the Higgs potential, in which the critical instanton has a huge enhancement of the tunneling amplitude. In turn, figure 2 shows the branching ratio of vacuum decay to black hole evaporation over a range of seed masses above the critical values. These give a representative selection of Higgs potential parameters, lowering φ * at fixed λ * pushes up the values of λ 6 for which the vacuum is metastable and the thin wall approximation holds, as does dropping λ * at fixed φ * . Meanwhile, the branching ratio plot typically becomes broader and higher as λ 6 drops. The implication of figure 2 is that although black holes produced in the early universe starts out with relatively high masses, their temperature is nonetheless above that of the microwave background, and they evaporate down into the range plotted in figure 2 . (Note that this range is well above the Planck mass, where we have some confidence in the validity of the vacuum decay calculation.) At this point, the mass hits a range in which vacuum decay is more probable, i.e. the tunneling half life becomes smaller than the (instantaneous) Hawking lifetime of the black hole. Given that this evaporation timescale is ∼ 10 −33 s for a 100M p mass black hole, it is clear that once a primordial black hole nears the end of its life cycle, it will seed vacuum decay in these models. Hence with these Higgs potentials, the presence of any primordial black holes will eventually trigger a catastrophic phase transition from our standard model vacuum thus ruling out potentials with parameters in these ranges.
Since our results show that it is precisely for small black holes that the risk of seeded tunneling is greatest, a natural question is what happens with collider black holes. These can be produced if the fundamental (higher dimensional) Planck scale is near the TeV scale [10] . These black holes have features inherited from their higher dimensional nature, and while there are no known exact solutions, evaporation rates have been computed assuming a higher dimensional Myers-Perry solution [16] , with emission cross sections appropriate to a braneworld scenario [17] .
Black hole seeded tunneling is now a more involved process, as it should involve a bubble forming around the higher dimensional black hole triggered by the Higgs field transitioning on the brane, the bubble then expanding out to fill the extra dimensions before finally becoming effectively four-dimensional and seeding true decay of our universe. While this process is beyond the reach of the analytic approximations we have used here, we can estimate the effect by modelling the instanton with a higher dimensional counterpart of the solutions described above. In this case, the form of the potential V (R) for the bubble motion is modified, but of a remarkably similar form, essentially replacing R → R n+1 , where n is the number of extra dimensions. Assuming the static bubble we can then calculate the horizon radius and area: the action will be the difference in seed and remnant black hole horizon areas. It turns out this calculation is relatively insensitive to the number of extra dimensions (the horizon areas A ∝ M (n+2)/(n+1) ) whereas the evaporation rate of black holes is enhanced, in part because of the increased Hawking temperature, T ∝ M −1/(n+1) , and in part because of grey-body factors. The branching ratio tends to be suppressed with extra dimensions, making collider black holes less risky for vacuum decay, however black holes produced by particle collisions could still cause vacuum decay in certain regions of parameter space. Further investigation and better modelling is needed.
To sum up: We have shown that the Coleman de Luccia result for the lifetime of our universe in Higgs potentials with metastability is crucially dependent on the absence of any inhomogeneities -the presence of primordial black holes can dramatically reduce the barrier to vacuum decay, and seed nucleation to a universe with a very different "standard model". Such a conclusion depends on the details of the corrections to the potential, and the analytic thin wall approximation we use is quite restrictive, only ruling out potentials with relatively significant quantum gravity corrections. Clearly, a more detailed numerical study of parameter space is necessary to understand whether this is just an issue for a small corner of parameter space, or whether this effect could be more pervasive across the metastable region of the Higgs potential. These analytic results however serve as a proof of principle that the issue of metastability of our universe may not be as simple as initially was thought.
